Soil properties influencing compactability of forest soils in British Columbia. Can. J. Soil Sci. 84: 219-226. The widespread use of heavy machinery during harvesting and site preparation in timber plantations in British Columbia (BC) has led to concerns that compaction causes a reduction in long-term soil productivity. Impacts of properties such as total C, water content, and texture on compactability of forest soils in BC were assessed. Two compactability indices were used: maximum bulk density (MBD) and susceptibility to compaction (SC) determined by the standard Proctor test. Soil samples were collected from 16 sites throughout BC covering a wide range of biogeoclimatic zones. Soils varied in texture (12 to 87% sand, 9 to 76% silt, and 2 to 53% clay) and organic matter content (18 to 76 g kg -1 total C). A strong negative correlation was observed between MBD and gravimetric water content at which MBD was achieved (W MBD ) and between MBD and total C. Similarly, W MBD and total C had strong effects on SC. The estimation of either MBD or SC values was not substantially improved by including texture parameters to the regression equations in addition to the total C. The implication of the relationships observed in this study is that increases in soil organic matter reduce the risk of compactability, which is particularly important for forest soils where compaction is generally not corrected by implements after tree planting. The information is also useful for assessing the extent of compaction on soils affected by machine traffic.
The widespread use of heavy machinery during timber harvesting and site preparation in plantations in British Columbia (BC) has led to concern that compaction is leading to reduced long-term soil productivity (Holcomb 1996) . Even though the impact of soil compaction on tree growth is species specific (Froehlich 1979; Greacen and Sands 1980) , compaction of forest soils plays a major part in planning soil management strategies (Bulmer 1998; Page-Dumroese et al. 2000 ) . Soane (1990) defined compaction as a process of soil densification caused by the application of stresses usually of short duration. Compactability is the quantitative expression of the compactive response of a soil within specific boundary conditions to the application of a specified stress regime. An assessment of soil compactability is needed to establish effects of forestry operations, such as timber harvesting and site preparation, on soil compaction and consequently tree growth. Generally, soil compactability is affected by both external (stresses arising from management and environmental characteristics) and internal factors (soil organic content, particle size distribution, and water content). The focus of this manuscript will be on the latter.
Traditionally used approaches to evaluate soil compactability include determination of the MBD and associated critical water content (W MBD ) at which MBD is achieved for a given amount of energy (Proctor 1933; American Society for Testing Materials 2000) . Maximum bulk densiAbbreviations: LTSP, long-term soil productivity; MBD, maximum bulk density; SC, susceptibility to compaction; W MBD , gravimetric water content at which MBD was achieved ty determined by the standard Proctor test has been defined as the highest compactability value for a particular soil (Stengel et al. 1984) . In addition to being used to predict stability of road, dam, and building foundations the Proctor test has also been employed to characterize vulnerability to compaction of various agricultural, rangeland, and forest soils (Howard et al. 1981; Carter 1990; Smith et al. 1997; Mapfumo and Chanasyk 1998; Aragon et al. 2000) .
Several studies have attempted to relate soil compactability as determined by the Proctor test to readily available soil properties such as organic matter and particle size distribution. Aragon et al. (2000) found that both MBD and W MBD were strongly related to soil C content in six agricultural and pasture soils in Argentina. Felton and Ali (1992) , Ekwue and Stone (1995) , Thomas et al. (1996) , and Smith et al. (1997) also reported a significant negative relationship between MBD and organic matter content. Wagner et al. (1994) found that the impact of organic matter on reducing soil compactability was dependent upon soil texture and suggested using particle size distribution along with soil C to estimate MBD.
The variations in MBD attributed to changes in particle size distribution were the subject of conflicting findings in the literature. Fine sand was mentioned as the most important factor affecting soil compaction in studies by Bodmin and Constantin (1965) and Bennie and Krynauw (1985) , while Smith et al. (1997) concluded that silt plus clay was more important.
These studies indicated that evaluation of effects of soil properties that are routinely measured in the laboratory (e.g., organic matter and texture) might lead to a better understanding of soil compactability. Establishment of a procedure that identifies soils most likely to be at risk for excessive compaction, and development of thresholds for soil compaction effects on tree growth, is needed for more reliable assessment of current forestry practices in BC and their impacts on site productivity. The objective of this study was to determine relationships in representative forest soils in BC, among total C, water content, and particle size distribution with the compactability estimated using a standardized Proctor test.
MATERIALS AND METHODS

Soil Sampling
A total of 93 mineral soil samples were collected from 16 study sites (Table 1 ) located in timber-growing areas within the Boreal White and Black Spruce (BWBS), Sub-Boreal Spruce (SBS), Interior Douglas-fir (IDF), and Interior Cedar-Hemlock (ICH) biogeoclimatic zones of BC (Meidinger and Pojar 1991) . From September to November 2002, samples (ca. 35 kg each) were collected by depth (Table 2) after removal of the forest floor. The number of samples collected at each site varied from 2 to 12. Sample locations were selected to be representative of typical site conditions. The most common textures were silt loam and loam, although variation occurred within sites. Soils were classified as Brunisols and Luvisols. Typical soils included in this study were mainly developed on glacial till, with the exception of a Brunisol in the ICH developed on colluvium and Luvisol in the SBS developed on lacustrine (Table 1) .
The sites sampled for this study included (i) 12 long-term soil productivity (LTSP) installations, (ii) two long-term landing rehabilitation trails near Prince George (Vama Vama) and Vernon (Miriam Creek), and (iii) two stumping trials (Gates Creek and Phoenix) in the southern interior of BC (Table 1) . Locations of selected 16 study sites in BC are shown in Fig. 1 . For LTSP sites, sample locations were typical for areas that were simply harvested, with minimal soil disturbance. Soils from landing rehabilitation trials usually experienced some scalping of surface layers, while soils from the stumping trials were characterized by some mixing of surface soil layers. The LTSP sites in BC are part of the North American network of 65 installations initiated as a collaborative research effort carried out by the US Department of Agriculture, US Forest Services, Canadian Forest Service, BC Ministry of Forests, and various universities and industry groups (Holcomb 1996 ; United States Department of Agriculture 2001).
Soil Analyses
The MBD was determined using the standard Proctor test [American Society for Testing Materials (2000) i.e., ASTM D698-00a, method A]. Soil samples were allowed to dry in the air until friable, and then they were passed through a 19-mm sieve followed by sieving though a 4.75-mm sieve and further air drying. Water was added to about 2.3 kg of the dry, sieved sample until it neared the anticipated moisture at MBD. The water content at which MBD was achieved was termed the critical water content (W MBD ), and typically it was slightly less than the plastic limit. The critical water content was initially estimated by hand test. Once W MBD was determined, four more subsamples were prepared, two below and two above this value. The five moistened samples were then left in sealed plastic bags to equilibrate overnight. The soil was compacted in a standard (9.43 × 10 -4 m 3 ) mold using a 2.5-kg rammer falling freely from a height of 0.3 m. The soil was added to the mold in three layers and 25 blows of the rammer were applied to each layer. Total compactive effort applied to the sample was approximately 600 kN m m -3 (or 595 kJ m -3 ). Excess soil was removed from the top of the mold and the compacted sample was weighed to determine wet bulk density. Soil water content (W) was determined gravimetrically by drying samples at 105°C for 16 h (Gardner 1965) . Bulk density was calculated as follows:
Values were plotted on a graph of dry bulk density vs. W and the points were fitted with a best-fit curve (third order polynomial). From the resulting compaction curve the Proctor bulk density was determined from either (a) the peak of the curve or (b) the highest sample value when the peak of the curve lay below. Approximately 500 g from each sample was sieved through a 2-mm sieve to determine the percentage of fine fraction, which was used to correct MBD. The volume of mineral coarse fragments was determined from dry mass and assumed to have a particle density of 2650 kg m -3 . Fine fraction MBD was calculated as the mass of dry, coarse-fragment-free mineral soil per volume of field-moist soil, where volume was also calculated on a coarse fragment free basis.
All MBD values are reported on fine fraction basis. Maximum bulk density was also determined by the intersection method (Wagner et al. 1994; Thomas et al. 1996; Diaz-Zorita and Grosso 2000) where the Proctor bulk densities were plotted against W and the MBD was estimated as the intersection point of the ascending and descending regression lines. If the intersection point was lower than the highest sample value, the highest value was used. Comparisons of the mean MBD and W MBD values generated by the best-fit and intersection methods were done with a simple t-test. Statistical analyses were performed using JMPin (version 4.0, SAS Institute, Inc., Cary, NC).
Susceptibility to compaction (SC) was determined as the slope of the ascending regression line between W MBD and MBD. The SC was not calculated when only two points were available to determine the slope.
Soil particle size distribution was determined by the hydrometer method (Gee and Or 2002) . All samples were pre-treated with hydrogen peroxide and heat, while samples from the IDF zone that may have contained carbonates were also treated with a sodium acetate buffer. Soil total C was determined by a dry combustion method (Nelson and Sommers 1982) using a LECO analyzer on a sample that was passed through a 2-mm sieve. Field samples collected from portions of one study area (Kootenay east) had pH values between 7.2 and 7.8 (data not shown), and likely contained minor amounts of carbonate, but this did not seriously affect our use of total C as a reflection of soil organic matter content for the study as a whole.
To establish relationships between dependent and independent variables, scatter plots of all the relationships were generated and examined. Data were subjected to simple correlation and multiple regression analysis using Sigma Plot (version 8.0, SPSS Inc., Chicago, IL).
RESULTS AND DISCUSSION
The MBD is usually determined by the best-fit curve method, but several researchers (Thomas et al. 1996 ; DiazZorita and Grosso 2000) determined MBD by the intersection method. Comparison of these two methods showed that MBD and associated W MBD calculated using the best-fit or intersection methods were not significantly different (P values obtained by t-test were 0.98 for MBD and 0.75 for W MBD ).
All soil properties tested in this study covered a relatively large range of values. Values obtained on the individual samples range for the total C from 18 to 76 g kg -1 , sand from 12 to 87%, silt from 9 to 76%, and clay from 2 to 53%. Soils also showed a broad range in MBD (0.91 to 1.97 Mg m -3 ) and W MBD (8.5 to 47.0%) values, which reflected the wide range of particle size distributions and organic matter contents of these soils. The large variations in soil properties and associated compactability indices partly reflect the fact that soil samples were collected from forest soils present in four biogeoclimatic zones spreading from 49°27′ to 55°58′N and from 115°42′ to 126°18′W. This landscape displays a diversity of topographic, depositional, climatic, and pedogenic processes.
The MBD was strongly related to W MBD (r 2 = 0.90), showing a general trend of decreasing MBD with increasing W MBD (Fig. 2) . The strength of this relationship observed in our study is very similar to those reported by Wagner et al. (1994) for soils from 19 different states in the United States, Thomas et al. (1996) for four sites in Kentucky, Smith et al. (1997) for 26 South African forest soils, and Aragon et al. (2000) for six sites in Argentina (Table 3) . Even though soils sampled in the above studies were quite different from the soils in this study, they all showed similar coefficients of determination (Table 3 ), suggesting that W MBD is a very good predictor for the MBD.
The MBD was also strongly related to total C (r 2 = 0.70), showing a trend of decreasing MBD with increasing total C (Fig. 3) . Soil C (i.e., organic matter) is usually one of the best predictors for MBD (Wagner et al. 1994; Thomas et al. 1996; Aragon et al. 2000; Diaz-Zorita and Grosso 2000) . The impact of organic matter on bulk density is more complex than the admixture of low-density material. High contents of organic matter in soil leads to reduced bulk density through combined processes such as aggregation of primary particles, resistance to deformation, and increasing the degree of elasticity under compression forces (Soane 1990 ). The negative slope of the regression equation (representing reduction of the MBD per unit increase in total C) obtained in our study was 0.011 kg m -3 and was similar to the findings of Wagner et al. (1994) and Thomas et al. (1996) who observed a reduction of 0.015 and 0.014 kg m -3 , respectively, per 1 g kg -1 C. On the other hand, in the studies where MBD was determined immediately after incorporation of organic matter into the soil (Felton and Ali 1992 ) reduction of MBD per 1 g kg -1 C was approximately 50% lower (i.e., 0.007). The main difference among the studies mentioned above was that in the study by Felton and Ali (1992) , there was no time for improvement of soil structural stability to occur due to the recent addition of organic matter.
One implication of the relationships observed in this and other similar studies is that an increase in soil organic matter reduces the risk of compactability. This can be particularly important for forest soils and no-tilled agricultural soils where compaction cannot be corrected by mechanical implements. Buildup of organic matter over the years is the principal way of combating compaction in such soils. However, the effect of organic matter on reducing the soil compactability in forest and agricultural soils without tillage is generally limited to the upper few centimeters of the soil profile (Ismail et al. 1994 ). The strong relationship between MBD and total C is expected to provide a valuable tool for compaction assessments on BC's forest soils.
Percentages of sand, silt, clay, and "silt plus clay" did not significantly affect the MBD (Fig. 4) and this needs further investigation. Such investigations are necessary considering that studies of forest soils from elsewhere (e.g., Smith 1997) showed that particle size distribution strongly affected MBD, and because soil texture is often cited as a critical property affecting the responses to machine traffic, tillage, and other forms of mechanical soil disturbance (Bulmer 1998) . One possible explanation for the lack of a strong correlation between particle size distribution and MBD might be that even though sand, silt, and clay contents had wide ranges, up to 75, 67, and 51%, respectively (Fig. 4) , representation was not even across the range, and few soils with high clay contents were included in our study. The two parameters with the broadest ranges and a more even distribution of samples throughout the range (i.e., sand and silt) had coefficients of determination that were significant at the 10% probability level, while clay did not. Also, for the Luvisolic soils we studied, high clay contents were often Fig. 2 . Relationship between maximum bulk density (MBD) and critical water content (W MBD ) for 16 sites in BC (** denotes r 2 value significant at P < 0.01). Fig. 3 . Relationship between maximum bulk density (MBD) and total C for 16 sites in BC (** denotes r 2 value significant at P < 0.01). found as subsurface accumulations of clay, and were not associated with increased soil C as was found in other studies (Wagner et al. 1994; Smith 1997) . Consideration of the type of minerals present in parent materials on which soils were formed might also shed light on this relationship. Wagner et al. (1994) suggested using particle size distribution parameters together with C to improve estimation of MBD. Inclusion of sand, silt, or clay contents as independent variables into regression equations improved MDB estimation relative to the individual texture parameters (Table 4) , but multiple coefficients of determination (R 2 ) were still lower than those obtained by either total C, W MBD , or total C and W MBD combined. The improvement of MBD estimation with multiple regression was not observed despite the wide ranges of total C, sand, silt, and clay in forest soils included in this study. This is in disagreement with the findings of Aragon et al. (2000) who found that inclusion of silt and C improved prediction of MBD (R 2 = 0.88) relative to using just C (r 2 = 0.66). The best estimate of MBD in this study was obtained using W MBD in addition to the total C (R 2 = 0.91).
The W MBD showed similar trends to the MBD when compared against soil C (Table 4) . Particle size distribution parameters had a much more profound effect on the W MBD than on MBD. Significant coefficients of determinations were obtained between W MBD and sand, silt, and clay fractions.
Similarly to MBD, the second index of soil compactability (i.e., SC) was strongly related to total C (Table 4) . Significant multiple determination coefficients were also obtained between SC and total C combined with either sand, silt, or clay, but these multiple regressions did not improve coefficients of determination relative to when total C was used alone. Even though coefficients of determination were lower for SC than those found for MBD, the SC may also be a valuable index of soil compactibility, as it can provide information on the extent to which field soil behavior changes in relation to changes in soil water content. CONCLUSIONS A strong negative relationship was observed between MBD and W MBD (r 2 = 0.90) and between MBD and total C (r 2 = 0.70). Similarly, W MBD and total C also had strong effects on SC, which was used as a second index to describe soil compactability. The estimation of either MBD or SC values was not substantially improved by including texture parameters to the regression equations in addition to the total C. Therefore, the well-known effects of soil texture on compaction behavior in the field must reflect more subtle underlying relationships, particularly when applied across a diverse group of Luvisolic and Brunisolic soils from throughout BC.
Organic matter, which has many profound impacts on soil physical, chemical, and biological properties, was found to have a strong impact on reducing compactability of forest soils in BC. This provides important information for soil sensitivity ranking, and also justifies efforts of achieving higher organic matter contents in forest soils, particularly those that have experienced severe mechanical disturbance. The accuracy of MBD and SC estimates based on total C appears to be high enough to be used for predictive purposes. These indices could be used to predict soil compactability of forest soils in BC, but likely have other uses as well, including the establishment of reference levels for compacted soils to assess the expected effects on plant growth.
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